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Abstract: Aneurysmal subarachnoid hemorrhage (aSAH) is a subtype of hemorrhagic stroke with
significant morbidity and mortality. Aneurysmal bleeding causes elevated intracranial pressure,
decreased cerebral blood flow, global cerebral ischemia, brain edema, blood component extravasa-
tion, and accumulation of breakdown products. These post-SAH injuries can disrupt the integrity
and function of the blood-brain barrier (BBB), and brain tissues are directly exposed to the neuro-
toxic blood contents and immune cells, which leads to secondary brain injuries including inflamma-
tion and oxidative stress, and other cascades. Though the exact mechanisms are not fully clarified,
multiple interconnected and/or independent signaling pathways have been reported to be involved
in BBB disruption after SAH. In addition, alleviation of BBB disruption through various pathways
or chemicals has a neuroprotective effect on SAH. Hence, BBB permeability plays an important
role in the pathological course and outcomes of SAH. This review discusses the recent understand-
ings of the underlying mechanisms and potential therapeutic targets in BBB disruption after SAH,
emphasizing the dysfunction of tight junctions and endothelial cells in the development of BBB
disruption. The emerging molecular targets, including toll-like receptor 4, netrin-1, lipocalin-2,
tropomyosin-related kinase receptor B, and receptor tyrosine kinase ErbB4, are also summarized in
detail. Finally, we discussed the emerging treatments for BBB disruption after SAH and put for-

ward our perspectives on future research.
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1. INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) is a sub-
type of hemorrhagic stroke that accounts for about 5% of
strokes, and is one of the most life-threatening diseases [1,
2]. Despite the improvement of therapies and clinical man-
agement, morbidity remains at 9 to 15 cases per 100,000
person-years, and mortality remains at 40-50% [2-4]. Of
those who survive, more than 40% suffer long-term neuro-
logical sequelae, and only a fifth may have no residual
symptoms [5]. The recent research focus of SAH has shifted
from vasospasm to early brain injury (EBI), which is defined
as the pathophysiological event that occurs within 72 hours
after SAH. EBI has been considered as the main determinant
of poor outcome in patients with SAH [6].

The rapidly increased intracranial pressure in EBI after
SAH causes significantly decreased cerebral blood flow
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(CBF) and global cerebral ischemia, along with the ex-
travasation of the blood and degradation products, collec-
tively leading to brain injury [7, 8]. These pathological
changes can also result in endothelial cell (EC) contraction
and disassembly of tight junctions, and then further induce
an increase in vascular permeability, which is related to
blood-brain barrier (BBB) damage and brain edema after
SAH [9]. Researchers found that aSAH patients with unfa-
vorable outcomes tend to have increased BBB permeability
and suggested that the early evaluation of BBB permeability
may predict unfavorable outcomes in patients with SAH and
help guide clinical management [10, 11]. The increase in
microvascular permeability after SAH is also related to de-
layed cerebral ischemia (DCI) and poor prognosis [12].
Ivanidze et al. indicated that BBB permeability has the po-
tential to become a biomarker in predicting delayed infarc-
tion related to DCI before the onset of clinical symptoms and
alterations of CBF [13]. Thus, BBB disruption serves as an
important component of both EBI and DCIL.

According to recent reports (January 2014 - October
2019) regarding BBB disruption after SAH, this review
mainly focuses on the underlying mechanisms, including EC
apoptosis and disruption of tight junctions, and gives an up-
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Fig. (1). Components of the BBB and the transport pathways of substances across the BBB. The typical BBB is mainly composed of ECs,
tight junctions, a basement membrane, pericytes, and astrocytes. The substances in capillaries are transported into the brain parenchyma
through the paracellular pathway (tight junction, adherens junction, and gap junction complexes) and transcellular pathway (transcellular
lipophilic pathway, carrier protein-mediated pathway, receptor-mediated endocytosis, adsorptive endocytosis, and active efflux transporters).
Z0-1: (zonula occludens-1); JAM: (junctional adhesion molecule); VE-cadherin: (vascular endothelial-cadherin); 1gG: (immunoglobulin G).
(A4 higher resolution / colour version of this figure is available in the electronic copy of the article).

date on the emerging therapeutic targets in BBB disruption
after SAH.

2. CHARACTERISTICS
BARRIER

OF THE BLOOD-BRAIN

The BBB is a component of the neurovascular unit. It
serves as the blood-brain interface and mediates substance
communication between the peripheral blood and central
nervous system (CNS) [14]. As shown in Fig. (1), microvas-
cular endothelial cells, tight junctions, astrocytes, and peri-
cytes are the main components of the BBB and can affect
BBB functions [15]. Importantly, according to the require-
ments of different brain regions and the types of blood ves-
sels, the compositions of the BBB can change and take in
other components, including the extracellular matrix, vascu-
lar smooth muscle cells, and glial cells [16].

2.1. Endothelial Cells

A monolayer of cerebral ECs that are connected by tight
junctions and adherens junctions is the first line of defense of
the brain against circulating factors [17]. The differences of
cerebral ECs from the peripheral ECs are that they form a
stronger barrier through the expression of tight junction pro-
teins and restrict vesicle-mediated transcellular transport and
transporters by decreasing pinocytosis [18]. The ECs can
readily and efficiently transport proteins and molecules into
and out of the brain tissues since they make up the largest
surface area at the blood-brain interface [16]. Simultane-
ously, transcellular transport is limited by vesicle transport
activity in ECs and plasma membrane components, such as
caveolin-1 [19, 20]. ECs are polarized cells with a luminal
and abluminal side, so the expression of transporters and
cellular machinery is different at each side. The ECs are the
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most often used cell type in BBB models in vitro [16]. For
instance, the ECs were used in the studies of Alzheimer's
disease as well as the regulation of BBB function [21, 22].

2.2. Tight Junctions

The junctional complexes that are located between ECs
comprise tight junctions, adherens junctions, and gap junc-
tions;their function is to reduce paracellular permeability
[20]. The tight junctions comprise various proteins including
occludin, zonula occludens -1 (ZO-1), and claudin-5 [7]. The
tight junction proteins are structurally identical phosphopro-
teins, and the phosphorylation can change their interaction,
redistribution, and transmembrane protein localization [7].
Other proteins participating in the tight junction system are
the junctional adhesion molecules (JAMs). As integral mem-
brane proteins, the JAMs belong to the immunoglobulin su-
perfamily, of which several isoforms have been discovered.
The homotypic and heterotypic interactions between JAMs
and JAM family members can oppose ECs and are involved
in leukocyte migration across EC layers [23].

2.3. Astrocytes

Astrocytes are the most abundant cells in the CNS and
participate in the regulation of nearly all aspects of neuronal
function, e.g., development, survival, metabolism, and neu-
rotransmission [24]. The main function of astrocytes in the
BBB is to provide maintenance and repair support through
the release of several effector molecules. Astrocytes also
contribute to maintaining BBB function by inducing barrier
properties and polarization of transporters [25-27]. Astro-
cytes also provide a cellular connection between neuronal
activity and blood vessels, termed neurovascular coupling,
and this connection allows astrocytes to regulate the CBF
and brain water content in response to neuronal activity by
relaying signals [16, 28]. The astrocytic end-feet ensheath
most portions of the microvessels and capillaries, and help to
regulate ion and water transportation [14]. Moreover, the
astrocytic end-feet are polarized and guided to cerebral vas-
cular walls by pericytes [29].

2.4. Pericytes

Pericytes are mural cells that cover the abluminal surface
of microvessels and are embedded in the vascular basement
membrane. The pericytes are connected to ECs by way of
gap junctions, adherens junctions, and peg-and-socket con-
nections [30, 31]. Cerebral pericytes have distinct properties
to their peripheral counterparts, and the proportion of peri-
cytes in the CNS is much greater than that of peripheral tis-
sues [30]. Pericytes can maintain and stabilize the monolayer
of ECs by regulating angiogenesis and the deposition of the
extracellular matrix. They are also essential for the develop-
ment of tight junctions and BBB function in both developing
and adult brains [16, 31, 32]. In addition, the contractility of
pericytes is conducive to the regulation of CBF by changing
capillary diameter in response to neural activity [28, 31, 33].

All of the above cell types can communicate with each
other to establish the BBB and regulate its structure and
function [16]. Neurons and basement membranes also sig-
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nificantly contribute to BBB integrity and function. Neurons
remain close (less than 8-20 pm) to brain capillaries and
connect with the astrocytic end-feet of the neurovascular unit
. Neurons can interact with the extracellular matrix and
release factors to stimulate angiogenesis, and they also con-
tribute to the regulation of blood flow and microvascular
permeability [35]. The cerebrovascular basement membranes
are composed of collagen IV, laminin, perlecan, nidogen,
and fibronectin [36, 37]. The basement membranes act as
physical barriers surrounding the abluminal surface of ECs
and anchor the cells in the BBB. The components of the
basement membrane can mediate various signaling mecha-
nisms in ECs and pericytes, thereby affecting BBB stability
and function [38, 39].

3. BLOOD-BRAIN BARRIER DISRUPTION AFTER
SUBARACHNOID HEMORRHAGE

BBB dysfunction has been reported to occur within hours
after SAH and has been linked with pathologic changes, in-
cluding brain edema, microthrombosis, inflammation, and
abnormal cerebral metabolism [13, 40-42]. BBB dysfunction
is also associated with the development of delayed ischemia
in patients with SAH [43]. In addition, the transfer of fluid
and molecules into the brain parenchyma plays a key role in
brain injury after SAH. Therefore, exploring the exact mo-
lecular mechanisms of BBB damage is crucial for studies on
SAH.

3.1. Animal Models Used in Subarachnoid Hemorrhage
Studies

The brain injuries that occur after SAH are very compli-
cated, and more than 72 animal models using multifarious
species have been proposed with more or less modifications
according to the research objectives [44]. However, no suc-
cessful translation of preclinical findings into clinical trials
has been reported, and this may be attributed to the fact that
standard guidance in the performance and modeling of ex-
perimental SAH, such as the differences in outcome evalua-
tion and methodological disadvantages, has not been estab-
lished [45]. Many biological factors, including age, sex, ge-
netic background, strain-related differences, comorbidities,
and anesthetics, have been shown to strongly affect outcome
evaluations [44, 45]. Currently, the endovascular perforation
method is widely used in mice or rats to study EBI after
SAH [45]. The endovascular perforation models can well
imitate the natural course of aSAH, and acute physiological
and pathological changes in the models, such as the elevation
of intracranial pressure, blood distribution in the subarach-
noid region, and even the high mortality rates, are similar to
clinical findings in aSAH [46]. In addition, a novel grading
system evaluating the SAH bleeding scale in endovascular
perforation rat models can categorize animals according to
the severity of bleeding, and the system substantially en-
hances the practicability and applicability of endovascular
perforation models [47]. Hence, the endovascular perforation
method is becoming increasingly popular in studies of SAH
and can also imitate the natural course of BBB disruption in
SAH. Current findings of BBB disruption described in this
review are mostly obtained from this model.
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Fig. (2). Potential mechanisms and signaling pathways of BBB disruption after SAH. CSD: Cortical spreading depolarization; JAK: Janus
kinase; MAPK: mitogen-activated protein kinase; MCP: matricellular protein; MMP-9: matrix metalloproteinase-9; NF-kB: nuclear factor
kappa-light-chain-enhancer of activated B cells; PKC-cAMP: protein kinase C-cyclic adenosine monophosphate; ROS: reactive oxygen spe-
cies; STAT: signal transducer and activator of transcription; TLR4: Toll-like receptor 4; VEGF-A: vascular endothelial growth factor-A. (4
higher resolution / colour version of this figure is available in the electronic copy of the article).

3.2. Characteristics of Blood-Brain Barrier Disruption
after Subarachnoid Hemorrhage

In both ischemic and hemorrhagic stroke, BBB disrup-
tion is a prominent pathological characteristic and is usually
associated with poor neurological outcomes [8, 48, 49]. BBB
disruption occurs very soon after SAH onset, even before
MRI changes, and researchers have provided evidence that
BBB injury starts as early as 30 minutes, peaks at 3 hours,
and a later injury peaks at 72 hours post-SAH, and these
changes were evaluated using tight junction proteins, such as
occludin and ZO-1 [50]. As shown in Fig. (2), the ex-
travasated blood components, such as oxyhemoglobin and
immune cells, are the main cause of BBB disruption after
SAH, while in ischemic stroke, the focal ischemia itself
plays a significant role in BBB disruption [48, 49]. Interest-
ingly, BBB disruption after aSAH is distinct from that which
occurs after intracerebral hemorrhage or cerebral ischemia,
and this may be attributed to the combination of the immedi-
ate development of transient global ischemia after aneurys-

mal rupture, delayed cerebral ischemia, and extravasated
blood components at days 4 to 14 after onset [8]. The clinical
data have shown that global brain edema is observed in 8-
67% of patients with aSAH at admission, and about 12% of
patients develop delayed cerebral edema within two weeks
after bleeding onset [8]. The global brain edema or increased
BBB permeability that occurs at the acute stage was reported
to be correlated with unfavorable outcomes in aSAH, and
researchers have also indicated that BBB injury was an
important manifestation of pathological mechanisms of EBI
in experimental SAH models [8, 10]. Furthermore, aSAH is
experienced by relatively young people (mean age: 55 years)
as compared with other types of strokes [51]. The comorbid-
ities after all types of stroke also influence BBB disruption
and the outcomes, and the comorbidities that occur in pa-
tients with aSAH and other types of strokes are different [44,
48]. Therefore, the BBB injury that occurs after aSAH is
unique, and thus, the research and therapeutic approaches
should also differ from other types of stroke.
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As global brain edema is a prognostic factor in patients
with aSAH, timely and effective therapy, as well as clinical
management, may contribute to an improvement of out-
comes [44]. In patients with poor-grade SAH, drug treat-
ments including hypertonic saline, hyperosmolar agents,
therapeutic hypothermia, barbiturates, and decompressive
craniectomy have been used in clinical work to reduce brain
edema and/or to control intracranial pressure, while the exact
efficacy has not been retrospectively analyzed or well illu-
minated [52, 53]. Many chemicals have been reported to
protect against EBI and/or cerebral vasospasm, but the drugs
that can effectively prevent vasospasm have failed to im-
prove outcomes in patients with SAH [44, 54]. The poor
therapeutic effect may be attributed to the limited therapeutic
window of EBI or acute BBB disruption, because EBI, as
well as BBB injury, have occurred within minutes after the
initial bleeding; thus, the early administration of drugs even
within 24-72 hours of the bleeding might prevent cerebral
vasospasm, but not EBI [44]. The complexity and change-
ability of EBI drive researchers to clarify the exact mecha-
nisms of BBB disruption after SAH and develop effective
therapies against it.

3.3. Mechanisms of Blood-brain Barrier Disruption After
Subarachnoid Hemorrhage

The neurovascular unit that is also known as the BBB
mainly consists of a continuous EC layer, astrocytic end-feet,
and pericytes. The function of the BBB is maintained by the
adjacent ECs strictly bound by the tight junctions, and this
structure can prevent the extravasation of intravascular con-
tents into the brain and the invasion of immune cells. Under
physiological conditions, the BBB can regulate brain homeo-
stasis by selectively allowing specific substances, such as
water, ions, and small molecular weight particles, to perme-
ate [55]. While under pathological conditions, after the dis-
ruption of the BBB, detrimental blood contents such as
thrombin and fibrinogen will enter the brain parenchyma,
leaving the brain tissues directly exposed to these toxic sub-
stances [49]. Increased BBB permeability can also lead to
the abnormal infiltration and transmigration of immune cells
like leukocytes into the brain parenchyma, and these cells
then release various cytokines, chemokines, reactive oxygen
species (ROS), and proteases [56]. The adverse effects of
these released substances induce further deterioration of
brain tissue, brain edema, intracranial pressure, neuronal
apoptosis, and epilepsy [57]. Thus, BBB damage is regarded
as an important therapeutic target to treat EBI and improves
the outcomes of aSAH. Researchers also found that early
identification of BBB disruption might serve as a pivotal
predictive biomarker for neurological outcome in patients
with aSAH [11].

Multiple mechanisms are involved in the development of
BBB disruption after aSAH, with endothelial cell apoptosis
and disruption of tight junctions being the main mechanisms
that have been widely studied. The well-studied mechanisms
involved in BBB disruption after SAH are shown in Fig. (2).
In the acute stage, all the exudative blood components, cere-
bral ischemia, and brain tissue damage will contribute to
BBB disruption, as well as many other cascades, such as
inflammation, oxidative stress, and the disorder of ions. Af-
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ter the rupture of cerebral aneurysms, the blood contents
instantaneously extravasate out from the intravascular lumen
under arterial pressure and then the surrounding brain tissues
will suffer from mechanical damage, and the subsequent
elevated intracranial pressure, global cerebral ischemia, and
brain edema [58]. Brain edema further increases the intracra-
nial pressure and decreases cerebral perfusion pressure and
CBF [59]. A previous report showed that the diffuse brain
edema is an independent risk factor for poor outcomes and
appears in about 8% of patients with SAH during the early
stage [60]. In addition, the blood components and degrada-
tion products rapidly spread in the subarachnoid space,
which further extends the following injuries.

4. POTENTIAL THERAPEUTIC APPROACHES TO
BLOOD-BRAIN BARRIER DISRUPTION

Several therapeutic approaches have been reported to
reduce BBB disruption after SAH (Table 1) and intracranial
hematoma in preclinical models. Importantly, the exact
mechanisms of these approaches to alleviate the damage of
the brain parenchyma are undefined, and the specific agents
that could target the BBB have not been examined [61].
Though astrocytes and pericytes are important to the integ-
rity of BBB, the relevant studies are few in SAH. Thus, this
paper mainly focuses on EC apoptosis and disruption of tight
junctions to review the mechanisms and potential therapeutic
targets of BBB disruption after SAH.

4.1. Endothelial Cell Dysfunction

Under physiological conditions, the ECs of the cerebral
capillaries can maintain the function of the BBB. However,
the aneurysmal rupture could lead to EC injury and apopto-
sis, and then cause BBB disruption. Researchers found that
multiple factors, such as oxidative stress, oxyhemoglobin,
and iron overload could induce apoptosis of ECs within 10
minutes to 24 hours after SAH [58, 80]. Oxyhemoglobin, a
representative blood component in the subarachnoid space
after aSAH, has cytotoxic effects on ECs through the activa-
tion of caspase-3, caspase-8, caspase-9, matrix metalloprote-
inase (MMP)-9, and elevation of intracellular Ca*" and the
production of free radicals [58]. The ECs are very suscepti-
ble to oxidative stress injury, and the excessive production of
free radicals from disrupted mitochondrial respiration; the
extracellular hemoglobin following erythrolysis and the sub-
sequent iron overload after SAH would also cause serious
damage to the ECs [81]. In addition, the overproduction of
ROS can activate pro-apoptotic signals, including p53 and
caspases-3 and -9, to promote cell apoptosis and further ag-
gravate BBB disruption [57].

Many other factors involved in EC injuries after SAH
contain heme, thrombin, platelets, fibrinogen, and leuko-
cytes, and these factors can activate microglia and toll-like
receptor 4 (TLR4). TLR4 belongs to the toll-like receptor
family, and it can recognize damage-associated molecular
patterns and induce inflammatory cascades, likely through
nuclear factor kappa-light-chain-enhancer of activated B
(NF-xB) and/or activator protein-1, which is mainly medi-
ated by mitogen-activated protein kinases (MAPKs) [8, 82].
In addition, the activation of TLR4 facilitates the production
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Table 1. Tight junction and adherens junction protein changes after SAH.

Models Changes Interventions Refs.
Rat/EP Occludin redistribution (IHC) Glibenclamide Simard et al. [62]
Rat/BI Occludin/ZO-1 | (WB) 48h HIF-1 a , MMPs, aquaporin-4 Wang et al. [63]
Rat/EP Occludin/ZO-1 | (WB/IHC) 24h c-Jun N-terminal kinase inhibition Chen et al. [64]

Mice/EP Claudin-5/Z0-1/JAM-A/VE-cadherin | (WB) 24h Isoflurane Altay et al. [65]
Rat/EP Occludin/ZO-1/claudin-5 | (WB) 24h Melatonin Chen et al. [66]
Rat/EP Occludin/ZO-1 |, claudin-1/5 < (WB, IHC) 0.5 — 168h None Lietal.[7]
Rat/EP Occludin/ZO-1/claudin-5/VE-cadherin | (WB, IHC) 24h Norrin/frizzled-4 Chen et al. [67]

Mice/EP Z0-1/VE-cadherin | (WB, IHC)24 h Thrombomodulin Xu et al. [68]
Rat/EP Z0-1 | (WB) 24h Progranulin Zhou et al. [69]
Rat/BI Z0-1 | (WB) 24h Fisetin (flavonoid) Zhou et al. [70]
Rat/BI Claudin-5/occludin | (WB) 24h PARP inhibition Chen et al. [71]

Mice/EP Z0O-1 | (WB)24h Tenascin-C Fujimoto et al. [72]
Rat/EP Claudin-5/occludin | (WB) 24h Ethyl pyruvate Fang et al. [73]
Rat/EP Claudin-5/occludin | (WB) 24h Valproic acid Ying et al. [74]
Rat/BI Occludin/ZO-1 | Matrine (alkaloid) Liu et al. [75]

Mice/EP Occludin/ZO-1/claudin-5 | (WB) 48h Apolipoprotein E Pang et al. [76]

Mice/EP Occludin/ZO-1 | (WB) 24h Curcumin Yuan et al. [77]
Rat/EP Claudin-5/Z0-1 | (WB) 24h Eph receptor-A4/Fasudil (ROCK inhibition) Fan et al. [78]
Rat/EP Z0O-1 | (IHC)24h Tropomyosin-related kinase receptor B activation Qietal. [59]
Rat/EP Occludin/Claudin-5 |(WB) 24h Nrgl isoform B 1 Qian et al. [79]

|: decrease; <»: no change; EP: endovascular perforation; BI: blood injection; WB: western blot; IHC: immunohistochemistry; ROCK: RhoA kinase; HIF-1a: hypoxia-inducible

factor-1a; MMPs: matrix metalloproteinases; PARP: Poly (ADP-ribose) polymerase.

of pro-inflammatory cytokines and mediators, including tu-
mor necrosis factor-q, interleukins-1f3, -6, -8, and -12, and
MMP-9 [82]. These pro-inflammatory mediators can induce
caspase-dependent EC apoptosis and even BBB dysfunction,
and upregulate specific cell adhesion molecules on ECs. This
can consequently promote the migration of macrophages and
neutrophils into the subarachnoid space and brain tissues,
and the immune cells release many inflammatory factors,
including endothelins and oxidative radicals through the ac-
tivation of Janus kinase-2, signal transducers and activators
of transcription-3, NF-kB, and Smad signaling pathways [58,
83]. Oxyhemoglobin can also induce the production of endo-
thelin-1 in endothelial cells and vascular smooth muscle cells
through protein kinase C-cyclic adenosine monophosphate
signaling, and the binding of endothelin-1 to endothelin-A
receptors can activate macrophages, increase neutrophil-
vessel wall interactions, and induce the production of free
radicals. All the above pathological and molecular mecha-
nisms were reported to cause EC dysfunction in myocardial
ischemia [58, 84]. While clazosentan, an endothelin receptor
antagonist, was reported to decrease large-artery vasospasm,
it cannot prevent oxidative stress, microthromboembolism,

or endothelial nitric oxide synthase dysfunction after SAH in
mice [85].

ErbB4, which is a member of the epidermal growth fac-
tor receptor tyrosine kinase family, plays an important role in
the regulation of axonal guidance, neurite outgrowth, and
synaptic signaling [86]. ErbB4 was reported to facilitate the
survival of ECs and preserve the BBB integrity in oxidative
stress injury [87]. In a study of SAH, ErbB4 was found to be
expressed in ECs and neurons, and the activation of ErbB4
improved BBB disruption after SAH and increased the ex-
pression of tight junction proteins, including occludin and
claudin-5. The potential protective mechanism might be via
the ErbB4/Y AP/PIK3CB signaling pathway [79].

Focal adhesion kinase (FAK), which is a cytoplasmic
protein tyrosine kinase, is involved in the regulation of EC
function and endothelial barrier integrity [88]. In a study of
embryonic development, a lack of FAK in ECs resulted in
the disruption of barrier integrity and the abnormal distribu-
tion of vascular endothelial cadherin [88]. A recent study
showed FAK phosphorylation was increased after SAH, and
the administration of exogenous netrin-1 (NTN-1) can fur-
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ther increase the p-FAK level, providing effective improve-
ment of BBB disruption, such as restoring the tight junction
proteins (ZO-1 and occludin.) [89]. As a multifunctional
protein, NTN-1 was recently found to maintain BBB integ-
rity in models of traumatic brain injury and experimental
autoimmune encephalomyelitis [90, 91]. While in SAH, both
endogenic NTN-1 and its receptor Deleted in Colorectal
Cancer (DCC), which are mainly expressed in ECs, were
found to increase at 24 hours after SAH onset. Exogenous
NTN-1 can preserve BBB integrity and attenuate EBI, and the
protective effects of NTN-1 on the BBB are mediated through
the DCC/FAK/RhoA-related signaling pathway [89].

The cortical spreading depolarization, excitotoxicity, and
loss of energy stores caused by the derangement in neuro-
transmitter release and inhibition of reuptake can induce
ionic imbalance and contribute to the apoptosis of ECs after
SAH [57]. Moreover, activated astrocytes and microglia can
synthesize glutamate, which serves as a major excitatory
transmitter, and glutamate can induce toxic effects such as
massive Ca’" influx by over-activation of N-methyl D-
aspartate receptors, finally leading to apoptosis and necrosis
of multifarious cells after SAH [57].

4.2. Tight Junction Disruption

The permeability of the BBB can be disrupted by the
contraction of ECs and disassembly of tight junctions, lead-
ing to brain edema formation after SAH [58]. There are two
major routes for the transport of substances across the BBB:
the paracellular (tight junctions between cells) and the tran-
scellular (caveolin- and clathrin-mediated endocytosis and
macropinocytosis) pathways. Tight junction disruption
causes the diffusion of exudate into the extracellular space of
the brain and elevates the osmotic pressure, which further
leads to extracellular fluid accumulation [59]. The phos-
phorylation of tight junction proteins can regulate their inter-
action, redistribution, and transmembrane protein localiza-
tion [7]. ZO-1 anchors the junction to the actin cytoskeleton
and links to the cytoplasmic tail of occludin [92]. Downregu-
lation of ZO-1 and occludin in tight junctions would cause
capillary leakage, which is responsible for the increase in
BBB permeability [93, 94]. Furthermore, there is no signifi-
cant change after SAH in the expression of caveolin-1 and
claudin-5, which are specific microstructures on the plasma
membrane surface and can mediate transcellular transport
pathways, while occludin and ZO-1 were downregulated
during the acute stage. Therefore, the downregulation of ZO-
1 and occludin contributes to the damage of tight junctions in
the BBB disruption after SAH [7, 19]. This may also indicate
that the disruption or increased permeability of the BBB was
largely caused by the dysfunction of paracellular pathways.

MMP-9, which is induced by inflammatory cytokines
and ROS, can degrade the extracellular matrix of the cerebral
microvessel basal lamina, such as collagen IV, fibronectin,
laminin, and inter-endothelial tight junction proteins (ZO-1),
and thus, cause early BBB disruption after SAH [58, 95].
The activation of NF-kB can not only orchestrate the in-
flammatory cascade, but also directly mediates the transcrip-
tion of MMP-9 and tissue inhibitor of MMP-1. In addition,
the balanced interaction between MMP-9 and tissue inhibitor
of MMP-1 can determine the severity of BBB disruption
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after SAH [96]. Previous reports have shown that the BBB
disruption that occurs after SAH is induced by MAPK-
mediated MMP-9 activation [97]. The MAPK-mediated ac-
tivation of MMP-9 and subsequent degradation of ZO-1 in
brain capillary ECs of mice can upregulate tenascin-C and
periostin matricellular proteins [72, 98-100]. A positive
feedback mechanism formed by tenascin-C and periostin
will further upregulate them to aggravate BBB disruption
that occurs after SAH [96]. MMP-9 in ECs can also be acti-
vated by galectin-3, which is another matricellular protein,
and then cause BBB disruption through MAPK, as well as
signal transducer and activator of transcription pathways
[101, 102]. The reactive astrocytes and capillary ECs can
induce another matricellular protein osteopontin in a delayed
fashion, whereas the prevention of MMP-9 activation and
BBB disruption occurs through the inactivation of MAPK
and NF-xB [103, 104].

Heat shock protein 70 (HSP 70), a member of the HSP
family of evolutionarily conserved molecular chaperones, can
decrease the activity of MMP-9, and then mediate BBB dis-
ruption and cell death through aberrant proteolysis. This helps
to reduce the inflammation and brain edema that occurs during
EBI [105]. The activation of TLR4 after SAH can activate
both NF-kB and MAPKs, and it can also upregulate pro-
inflammatory cytokines and mediators, as well as matricellu-
lar proteins [82]. Importantly, selective inhibition of TLR4
has been reported to maintain BBB function after SAH
through inhibiting the upregulation of the molecules men-
tioned above and activation of MAPKs and MMP-9 [97].

Increasing evidence suggests that many molecules, in-
cluding vascular endothelial growth factor (VEGF)-A,
VEGF-B, angiopoietin (Ang)-1, Ang-2, MAPKs, and MAPK
phosphatase-1 are activated simultaneously or at different
stages during BBB disruption [103]. VEGF-A serves as a
potent inducer of BBB disruption, while VEGF-B and Ang-1
can inhibit the effects of VEGF-A and are potently anti-
permeable. The potential mechanism may be through the
regulation of MAPK activation. Besides, MAPK phospha-
tase-1 is an endogenous MAPK inhibitor, and Ang-2 is a
natural inhibitor of Ang-1 in vivo [106]. Taken together, the
molecular changes of BBB disruption after SAH include the
downregulation of Ang-1 and MAPK phosphatase-1, and the
upregulation of MAPKs and VEGF-A, whereas the im-
provement of the damaged BBB was associated with MAPK
phosphatase-1 upregulation, MAPK inactivation, and VEGF-
A downregulation [103]. Recombinant osteopontin was re-
ported to regulate these molecules and then preserves and
restores BBB function, interestingly, the expressions of Ang-
2 and VEGF-B were unchanged after SAH [103]. Another
recent study found that lipocalin-2 (LCN2) contributes to the
BBB disruption after SAH, especially during the early
stages; and animals deficient in LCN2 did not show the early
peak (4 hours) of BBB disruption; thus, the authors consid-
ered the hypoxia-HIF-10-LCN2-VEGF-A pathway might
serve as a potential mechanism [107].

In addition to the molecules above, activating transcrip-
tion factor 6 (ATF6), which is a single-pass endoplasmic
reticulum-transmembrane protein, was also reported to be
related to BBB disruption and is upregulated during EBI. A
study showed that the administration of apelin-13 can im-
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prove the BBB damage through the inhibition of the
ATF6/CHOP pathway [108]. Furthermore, the activation of
B-catenin transcription could be a promising therapeutic tar-
get for maintaining BBB integrity via a type of endogenous
protective mechanism. B-catenin is an adherens junction pro-
tein and a Wnt pathway signal transducer. In ECs, the adher-
ens junction proteins link to the actin cytoskeleton, which is
part of the BBB. Therefore, disruption of B-catenin would
cause downregulation of tight junction proteins, BBB disrup-
tion, and neuroinflammation, while the activation of Wnt/B-
catenin signaling attenuates these pathological changes
[109]. Actually, in experimental SAH animal models, some
interventions including stabilizing B-catenin or promoting -
catenin nuclear translocation have been reported to protect
BBB integrity via an increase in the expression of tight junc-
tion proteins, such as claudin-3, claudin-5, occludin, and ZO-1,
and an adherens junction protein vascular endothelial-
cadherin [110]. Nevertheless, over-activation of the Wnt/f-
catenin pathway may cause accumulation of B-catenin in the
nucleus and promote the transcription of oncogenes, leading
to subsequent tumorigenesis and tumor progression of sev-
eral cancers [111]. Another study on SAH in rats found the
activation of tropomyosin-related kinase receptor B (TrkB),
which is a member of the receptor tyrosine kinase family and
has been verified to ameliorate the EBI, can restore the tight
junction protein ZO-1, and preserve the BBB integrity, and
this might be related to the activation of the Wnt/B-catenin
pathway [59]. Further studies are needed to verify these pos-
sibilities and their potential roles in the treatment of BBB
disruption. The therapeutic roles of astrocytes and pericytes
in BBB dysfunction after SAH should also be illuminated by
basic and clinical trials.

CONCLUSION

Many pathological and molecular pathways have been
reported to be involved in the disruption of the BBB after
SAH, but the exact mechanisms remain unclear. Although a
lot of therapeutic agents and methods were proposed to im-
prove EC apoptosis and tight junction disruption in experi-
mental SAH studies, these achievements have not been rep-
licated in a clinical setting. Possibly, multiple signaling
pathways work independently and/or reciprocally to cause
disruption of the BBB after SAH, but the complex patho-
geneses make it difficult to inhibit or alleviate BBB disrup-
tion after SAH in vivo through the inhibition of only one
specific pathway or molecule. The apoptosis of ECs and dis-
ruption of tight junctions are two major pathological changes
and represent key therapeutic targets for BBB injuries.
Hence, the novel therapeutic targets against apoptosis of ECs
and disruption of tight junctions, as well as other pathologi-
cal injuries need to be further explored, and this could con-
tribute to the improvement of outcomes in patients with
SAH. To verify if treatments against BBB disruption can
benefit patients with SAH and the exact mechanisms in-
volved, further scientific experiments, especially clinical
studies, are required.

LIST OF ABBREVIATIONS
Ang-1 =
ATF6 =

Angiopoietin 1

Activating transcription factor 6
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BBB =  Blood-brain barrier

CBF = Cerebral blood flow

CNS = Central nervous system

DCC = Deleted in Colorectal Cancer

DCI = Delayed cerebral ischemia

EBI = Early brain injury

ECs = Endothelial cells

FAK = Focal adhesion kinase

JAMs = Junctional adhesion molecules

LCN2 =  Lipocalin-2

MAPKs =  Mitogen-activated protein kinases

MMP9 = Metalloproteinase 9

NF-«xB = Nuclear factor kappa-light-chain-enhancer
of activated B

NTN-1 = Netrin-1

SAH = Subarachnoid hemorrhage

TLR4 = Toll-like receptor 4

TrkB =  Tropomyosin-related kinase receptor B

VEGF-A = Vascular endothelial growth factor A

Z0-1 = Zonula occludens-1
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